Background: Hybridization and introgression are common phenomena among oak species. These processes can be beneficial by introducing favorable genetic variants across species (adaptive introgression). Given that drought is an important stress, impacting physiological and morphological variation and limiting distributions, our goal was to identify drought-related genes that might exhibit patterns of introgression influenced by natural selection. Using RNAseq, we sequenced whole transcriptomes of 24 individuals from three oaks in southern California: (Quercus engelmannii, Quercus berberidifolia, Quercus cornelius-mulleri) and identified genetic variants to estimate admixture rates of all variants and those in drought genes. Results: We found 398,042 variants across all loci and 4352 variants in 139 drought candidate genes. STRUCTURE analysis of all variants revealed the majority of our samples were assignable to a single species, but with several highly admixed individuals. When using drought-associated variants, the same individuals exhibited less admixture and their allele frequencies were more polarized between Engelmann and scrub oaks than when using the total gene set. These findings are consistent with the hypothesis that selection may act differently on functional genes, such as drought-associated genes, and point to candidate genes that are suggestive of divergent selection among species maintaining adaptive differences. For example, the drought genes that showed the strongest bias against engelmannii-fixed oak variants in scrub oaks were related to sugar transporter, coumarate-coA ligases, glutathione S-conjugation, and stress response. Conclusion: This pilot study illustrates that whole transcriptomes of individuals will provide useful data for identifying functional genes that contribute to adaptive divergence among hybridizing species.
Background
The availability of genetic variants for evolutionary response of local populations to environmental change will depend on existing genetic variation, new mutations, gene flow among populations, or in some cases, interspecific gene flow. In many plant taxa, hybridization and backcrossing can lead to introgression of alleles from one species into the gene pool of another [1, 2] . As a result, it is possible for adaptive genetic variation to cross species boundaries [3] [4] [5] This interspecific gene flow can lead to adaptive evolution to novel ecological contexts [3] [4] [5] [6] . In contrast, divergent selection can act to favor species-specific adaptive alleles and select against introgression at ecologically important loci [7] [8] [9] , after initial F1 hybrid formation or across generations of backcrosses. Nonetheless, a first step in understanding whether introgression could enhance evolutionary response is to look for alleles shared across species.
Oaks (Quercus spp.) represent an excellent system to investigate selection favoring or acting against introgressed alleles [10] because of their well-known ability to hybridize but maintain ecological distinctiveness [11] [12] [13] [14] . Many studies have documented the responses of Quercus species to drought [15] [16] [17] [18] . Because so many Quercus species are adapted to drought-prone environments by ability either to avoid or tolerate water stress or both [19] , introgression of genetic variants underlying these traits may provide the genetic material for species to adapt to climate change.
The overall goal of this paper is to examine a set of previously identified drought-associated genes that might be useful for future studies of climate-adaptive introgression and divergence. The study system is comprised of three sympatric species of white oaks (Section Quercus) found in southern California: one tree oak Quercus engelmannii and two drought-tolerant scrub oaks, Quercus berberidifolia and Quercus cornelius-mulleri. Engelmann oak is distantly related to the two recently diverged California endemic scrub white oak species [20] [21] [22] [23] . These three species have overlapping distributions, but with different habitat preferences within southern California, a geographic region with a history of high temperatures and low rainfall [24] . We have evidence of contemporary hybridization among all three species [25] as well as ancient introgression between Q. engelmannii and Q. berberidifolia [26] . Using a sample of 24 study specimens representing the three species and putative hybrids sampled throughout the southern California region, we identified sequence variants across all expressed genes based on RNA-Seq data [27, 28] that were mapped to a previously published reference transcriptome for a related oak, Quercus lobata [29] . First, we described the overall admixture to assign species identity across the 24 individuals. Second, using variants derived from drought-associated genes that were identified through other studies [30] [31] [32] , we examined the admixture to compare with the admixture based on the entire set of variants. Third, we looked for evidence of selection by testing whether alleles fixed in Q. engelmannii that are shared by a subset of the scrub oak species are less frequent in the two drought-tolerant scrub oaks when the variants are associated with drought genes compared to variants across all genes. Finally, we described the functions of drought associated genes that were outliers in the previous analysis.
Methods

Study specimen and sampling
The study species are three oak species of southern California that are sometimes sympatric with each other in many parts of their ranges [26, 33, 34] : Q. engelmannii, Q. berberidifolia and Q. cornelius-mulleri. Engelmann oak is native to southern California, USA and northern Baja California, Mexico), with the core of the species' distribution range in San Diego County (USA), where the species is generally distributed in scattered patches often consisting of a few individuals [33, 35] . Engelmann oak is associated with more mesic local habitats than the southern California scrub oaks [24] and is more closely related to a Mexican/Arizona group of white oaks then to the scrub oaks [20] . The scrub oaks, Q. berberidifolia and Q. cornelius-mulleri, are both endemic to California and northern Baja California [20] , but they belong to different genetic clusters within the white scrub oak complex [23, 26, 36] . Q. berberidifolia is widely distributed from northern California to Baja California and overlaps extensively but not completely the entire geographical range occupied by Engelmann oak [24, 33] . In contrast, Q. cornelius-mulleri, has a distribution restricted to southern California and northern Baja California usually in desert ecosystems, located more inland than Q. berberidifolia [24, 33] . They are known to hybridize with each other and hybrids show intermediate leaf traits and tend to be more shrub-like than tree-like [24, 33, 37] .
This study includes 24 individuals sampled from 9 different localities of Southern California (Table 1 , Fig. 1 ). In some sites, only one species was present so it was intended that the individuals would represent putatively "pure" species, while in other sites more than one species was present creating the opportunity for contemporary hybridization. Nixon [20] includes a hybrid species between Engelmann and Muller oaks, Q. ×acutidens, but we did not attempt to determine whether the samples collected for this study could be considered as part of that nothospecies. Preliminary species and hybrid identifications of field samples were made by VLS and confirmed based on genetic information from the transcriptomes, which provided the bases of final assignments to species or hybrid. Voucher specimens are available through VLS.
RNA extraction and sequencing
Fresh young leaf samples were frozen on dry ice in the field and stored at − 80°C until total RNA extraction. Preliminary RNA precipitation [29, 30] as performed prior to total RNA extraction with the Qiagen RNeasy Plant Mini Kit protocol with DNase treatment (Qiagen, Hilden, Germany). RNA-Seq libraries with insert length 100-380 bp (mode = 170 bp) were prepared from 4 μg of RNA using an Illumina TruSeq RNA Sample Prep Kit. Each library was uniquely tagged using 12 TruSeq indexed adapters (numbers 1-12) to enable 12-plexing of samples in each Illumina HiSeq 2000 lane.
Variant calling
We aligned a minimum of 13.8 million 50 bp reads per sample to our Q. lobata reference transcriptome [29] using BWA MEM [38] . Prior to mapping, the reference transcriptome was concatenated into 90 contigs of approximately 1 Mb in length. The original contigs were ordered by length and separated by runs of 200 Ns. This concatenation facilitates the analysis because GATK [39] and PLINK [40] were not designed for use with large numbers of reference contigs. GATK 3.2-2 [39] was used for variant discovery and filtering with the following tools, HaplotypeCaller, VariantFiltration and SelectVariants. To determine appropriate parameters for hard filtering with VariantFiltration, we inspected variant calls along with the read alignments using IGV [41] . The following cutoffs were applied: FS > 30.0, QD < 2.0 and QUAL < 30. Variants from the smallest contigs (737 bases and below) were discarded, leaving 858,564 variants on the first 58 of the 1 Mb concatenated contigs.
The ratio of Ts/Tv for these variants was 1.76. The vcftools 0.1.15 package [42] was used to remove sites with mean depth coverage of less than 5 (−-min_meanDP 5) and with more than 5% of samples with missing data (−-max-missing 0.95) leaving 398,042 variants (Ts/Tv = 1.87). For STRUCTURE analysis, LD pruning was applied for r 2 correlations above 0.1 within 50 bp windows, sliding by 5 bp using PLINK v1.90b3.36 [40] (indep-pairwise, based on correlations between genotype allele counts), leaving 30,809 variants (Ts/ Tv = 1.93). For our allele frequency analysis, variants were limited to those for which a single allele was found across the four Q. engelmannii samples, leaving 219,407 variants (Ts/Tv = 1.85). The bedtools [43] package was used to facilitate allele frequency analyses. Localities are presented from northern to southern latitudes Table 1 for details of localities)
Drought gene selection
We selected 139 drought candidate genes for oaks that were identified in the literature [30, 32, 44] and located on the Q. lobata reference transcriptome [29] .
Structure analysis
Based on morphology of the samples that were assigned to the three species, we expected three genetic clusters.
To test this hypothesis, we ran structure with K values from 1 to 9. The results were imported to Structure Harvester [45] to choose the "optimal" number of clusters following the methods of Evanno et al. [46] . STRUCTURE [47] was run on the filtered, LD pruned variants. We ran 10,000 burn-in and 20,000 experimental repetitions. Population label information was not used in the inference. The degree of admixture parameter, α, was inferred from the data. The allele frequency prior was estimated with preliminary runs (inferalpha = 0) on the full set of variants and set at 0.66 for all further runs, and correlated allele frequencies were assumed (freqscorr = 1). All other parameters were default.
Membership coefficients for each sample were plotted using Distruct 1.1 [48] (Fig. 2) . As a complement to STRUCTURE, we also examined the relationships among species using principal component analysis, which illustrates relationships among samples without assumptions about the assignment to species. For the PCA we used the R package SNPRelate [49] , limiting the analysis to the 378,489 biallelic variants for all genes ( Fig. 3a) and 4138 biallelic variants for the drought genes (Fig. 3b) .
Allele frequency analysis
We examined evidence of species-specific selection against drought gene introgression by selecting variants that are "fixed" in Q. engelmannii samples and variable in the scrub oak samples. We used quality-filtered, biallelic variant loci for which a single allele was found across the four Q. engelmannii samples. Four samples are not sufficient to determine fixation in the species, but for simplicity we refer to these loci as "engelmannii--fixed". For each engelmannii-fixed variant locus, we measured the fraction of the engelmannii-fixed variant in the 20 scrub oak samples, i.e., the minimum of zero Q. engelmannii alleles = 0, and the maximum of 40 Q. engelmannii alleles = 1. We repeated this measure for the subset of engelmannii-fixed loci found in the 139 drought genes. We tested the significance of the increase in low Q. engelmannii allele frequencies by comparing the proportion of low Q. engelmannii loci in our drought genes with the same from 1000 randomly drawn sets of 139 genes. These random sets were drawn from the 13,159 transcriptome genes with the highest confidence annotations (i.e., those including 5′-and 3′-UTR, start and stop codons and no predicted introns).
Functional descriptions of outlier genes
From the set of engelmannii-fixed variants, we selected those with less than 10% of the Q. engelmannii allele across the scrub oaks as outliers and identified overlapping drought genes to be functionally described. Additional information about putative functions were identified using BLASTX via the Gramene Server [50] to identify Arabidopsis homologs of the Q. lobata transcriptome contigs. Links for the top matching Arabidopsis gene were followed to the UniProtKB/Swiss-Prot server [51] , from which protein names and protein function descriptions were taken. Most of the Q. lobata genes matched the Arabidopsis genes at greater than 80% amino acid identity and close to full length. All were greater than 58% identical (Table 2) .
Results and discussion
Using the reference transcriptome for a related oak species, Q. lobata [29] , we aligned RNA-seq data for 24 individuals and identified 398,042 variants including 12,068 indels and 358,974 SNPs. After LD pruning, 1061 indels and 29,748 SNPs remained. We examined 139 drought-associated genes for introgression, which are listed in Additional file 1: Table S1 . The transcriptome contigs for these genes had 4352 variants, with 330 remaining after LD pruning.
Based on the LD pruned data for all contigs/genes, we found support for three genetic clusters (Additional file 2: Figure S1 ; Table S2 ). None of our samples appear to have ancestry from only one species (Fig. 2a) , although most trees could be assigned to one primary species that corresponded to our field identifications. We cannot explain why all samples included at least some genetic variation that was assigned to Q. engelmannii (Fig. 2a) . It might be that shared genetic variation to all the species is assigned statistically to Q. engelmannii when it may be the signature of common ancestor or ancient introgression. The findings also indicate that two of the scrub oak samples (PR-22 and PR-24) are hybrids of Q. engelmannii and Q. berberidifolia, one sample (MV-12) is almost 50% from each scrub oak species and a fourth sample (MV-10) also shows marked admixture from both species. Several other Q. cornelius-mulleri samples included more than 10% of their genetic ancestry from Q. berberidifolia (MV-3, MV-5, MV-11). These patterns of assignments are likely indicative of introgression among the scrub oaks, but we cannot rule out common ancestry. Phylogenetic analysis indicates that these somewhat sympatric species are in different clades, but only recently diverged [26, 36] .
The STRUCTURE analysis of assigned ancestry of the drought genes alone indicates similar patterns of introgression to those of the whole variant data set. One notable difference is that the five hybrids of Q. cornelius-mulleri and Q. berberidifolia, which show admixture of approximately 20--40% based on all variants (Fig. 2a) , seem to be almost pure Q. cornelius-mulleri when looking at the drought genes alone (Fig. 2b) . One must interpret these findings cautiously because the admixture analysis when based on drought genes has a reduced sample size of 330 variants compared to the 30,000+ variants across all sequences. Within the drought genes all the samples showed less admixture, which raises the question of whether selection is acting against variants not enhancing the fitness of a given species occurring within its own niche. The outcome is to make each species appear to have less introgression than indicated by the full set of variants. Because an alternative explanation for the ancestry patterns based on drought genes is sampling error, larger sample sizes would allow the permutation tests needed to test whether the pattern we observe is due to chance.
The PCA plots indicate differences in the relationships among individuals based on the total gene and drought gene sets (Fig. 3) . The analyses for both samples of variants identifies the same two likely F 1 -hybrids between Q. engelmannii and Q. berberidifolia, but the scrub oak hybrids suggested by the STRUCTURE analysis cluster closely with Q. berberidifolia samples, suggesting that the introgression we observe is more likely to be due to admixture between Q. engelmannii and Q. berberidifolia, even though when looking at the distribution of variants on a one-by-one basis, it is not easy to say from which scrub oak they are shared. These findings are consistent with a concurrent study that demonstrated evidence of ancient introgression between the scrub white oaks and Q. engelmannii was largely due to shared alleles between Q. engelmannii and Q. berberidifolia and not with Q. cornelius-mulleri [26] . To find evidence that selection is acting on drought-associated genetic variants, we looked for a decrease of allele number from the more mesic Q. engelmannii found within genes associated with drought compared to all genes. To do this, we identified variants that are "fixed" in Q. engelmannii, i.e., having the same allele for all eight Q. engelmannii haplotypes (across four samples), and looked at the frequencies of these alleles across the scrub oaks. We discovered 219,407 engelmannii-fixed loci of which 2422 were located within the 139 drought genes. As one would expect since most variants have low minor allele frequencies, the vast majority of the "engelmannii-fixed" alleles were shared among greater than 90% of the scrub oaks. However, "engelmannii-fixed" alleles that are low frequency (defined as less than 50%) in the scrub oaks (2121 SNPs in 726 genes) are underrepresented in the scrub oaks compared to low-frequency alleles in the total gene data set (Fig. 4) . This result is apparent in the left skew on the histogram of drought gene allele frequencies relative to other gene allele frequencies. The difference is seen across all tested bins of low allele frequencies (Fig. 4b) and is mostly reversed when looking at the high frequency bins. The observation that Q. engelmannii drought gene alleles are rarer in scrub oak than expected based on allele frequencies from other genes might suggest selection against Q. engelmannii alleles in the scrub oaks and thus adaptive divergence among species.
In order to test the significance of this difference, we compared the results to 1000 random sets of 139 genes (equivalent to the number of drought genes) (Fig. 5) . We then examined the results with the proportion of low-frequency engelmannii-fixed alleles for all genes (shown in blue; Fig. 5 ) with the proportion for drought genes (shown in red) and the proportion for the 1000 sets of random genes (shown in white). We see a fairly normal distribution with the drought genes skewed to having a higher proportion of low frequency Q. engelmannii alleles. Only 105 out of 1000 random gene sets have a higher proportion of low frequency Q. engelmannii alleles, yielding p = 0.1. Thus, the analysis suggests that the scrub oaks are not significantly less likely to carry Q. engelmannii drought gene alleles than expected from patterns of overall allele sharing across the three species. The initial findings reported here are consistent with the notion that Q. engelmannii variants within the drought genes are rarer in the scrub oaks than expected and Fig. 4 (a) Frequencies of Q. engelmannii-fixed alleles in the 20 scrub oaks: The frequencies of engelmannii-fixed alleles for each variant site is calculated as the number of Q. engelmannii-fixed alleles in the scrub oaks divided by the total number of alleles across all scrub oaks at that locus, usually 40 depending on missing data. The proportion of variants falling into each allele frequency bin is reported as a percentage of the total number of variants, 219,407 for all genes and 2421 for the drought genes. These variant sets are non-LD-pruned engelmannii-fixed biallelic loci with no more than 5% missing data. (b) Allele frequencies less than 0.5. Overall 8746 (4.0%) sites have a Q. engelmannii-fixed allele frequency in scrub oaks of 0.5 or less, and 137 (5.7%) drought gene variant sites have a Q. engelmannii-fixed allele frequency in scrub oaks of 0.5 or less. The difference between all tested bins of low allele frequencies mostly reversed at high frequency bins might suggest divergent selection among species at these ecological relevant loci.
Finally, we use these findings to narrow down our set of candidate genes potentially involved in drought resistance to a set of genes that vary across species and warrant further study. Drought-associated genes that are fixed across oaks and or that vary but with no species-specific signature will not allow analysis of adaptive introgression. However, drought genes that are species-species can be informative. Looking only at variants with less than 10% of the Q. engelmannii alleles found across the scrub oaks, we find 41 variants fall within 11 of the 139 candidate drought genes ( Table 2) . Two of our hybrid samples from one of the localities offered the opportunity to look for additional loci where the engelmannii-fixed alleles might show evidence that selection has acted against them: PR-22 and PR-24. For each of the two hybrid samples, we identified engelmannii-fixed loci where the hybrid is homozygous for the alternate allele, i.e., it has zero of the Q. engelmannii allele. Out of 219,407 engelmannii-fixed loci in our dataset, PR-22 had 1993 loci with zero of the Q. engelmannii allele, of which 33 were within 4 drought genes (Table 3) , 2 of which were also identified in Table 2 . PR-24 had 1863 loci with zero of the Q. engelmannii allele, of which 14 were within 5 drought genes (Table 4) .
There were many interesting potential functions amongst this narrowed down set, which include several sugar transporters, two separate homologs to coumarate-coA ligases, two genes involved in glutathione S-conjugation, and several stress response genes. Other studies have found other genes such as FBA1 [52] , BURP [53, 54] , USP [55] , GH16_XET [56] , CYP707 gene family [57] , HSF [58] , AAI_LTSS [59] (Additional file 1: Table S1 ) to be involved in drought resistance that we would have expected to be important in this study but did not show species-specific signatures in this study. The genes we report these here so that future studies of local adaptation might use them for comparison.
Conclusion
This exploratory study found evidence of modest admixture among two scrub white oak species and one tree oak based on a transcriptome-wide set of loci. When we examined a subset of drought-associated genes, variants that were most associated with the more mesic Engelmann oak were under-represented across the scrub oaks, which is consistent with the hypothesis that these variants are selected against by the local environment. Specifically, we identified eleven genes that may be examples of species-specific adaptation associated with drought. Of course, one limitation of this study is that some genes may be so extensively introgressed that we would not be able to distinguish them from shared common ancestry. Future work would be able to do so through larger samples sizes that can Fig. 5 The proportion of variant sites with Q. engelmannii allele frequencies below 50% in the scrub oaks is shown in blue for all genes, red for the 139 drought genes and white for 1000 random sets of 139 genes more sensitively identify more species-specific variants, and complementary analyses using genome-wide DNA sequence data that can test alternative demographic models that test for introgression while accounting for incomplete lineage sorting. Nonetheless, this study illustrates that the transcriptomes of individuals across hybridizing species have the potential to provide useful data to study adaptive introgression because they can identify functional genes associated with specific environmental factors. Table S1 . Candidate loci were taken from evoltree database depending on search tool for drought and hypoxia relates stress (target trait) and matched the sequences to the Quercus lobata reference transcriptome [29] . The information of gene names, protein locus and functions was taken from NCBI database based on given information in evoltree database [32] .
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Additional file 2: Calculations of Structure Harvester and Evanno method results. Figure S1 . Structure Harvester Results. Structure was run with settings as described in the methods section for all K values between 1 and 9. The results were imported to the online version of Structure Harvester [45] , yielding support for K = 3 being the best approximation. 
